The magnitude of inbreeding depression can in¯uence many aspects of a population's ecology and evolution, including the nature of selection acting on the mating system and the chances that the population will go extinct during periods of small population size. If inbreeding depression is caused primarily by recessive mutations of large eect on ®tness, such as lethals or steriles, then it is expected to be purged rapidly by selection with moderate amounts of inbreeding. In contrast, inbreeding depression primarily caused by many genes with mild eects on ®tness will not be rapidly purged with inbreeding, so it should be a more resilient barrier to the evolution of self-fertilization and a more signi®cant threat to the survival of endangered species. Here I show that recessive male-sterility alleles at individual loci are common in a primarily outcrossing population of the plant Mimulus guttatus. Despite the high frequency of these major mutations, most of the inbreeding depression for male fertility and cumulative measures of lifetime ®tness results from more mildly deleterious alleles. Malesterility alleles contribute to 31% of the inbreeding depression for the fraction of viable pollen grains, and to 26% of the inbreeding depression for total ®tness. These results suggest that most of the inbreeding depression for male fertility in this population would not be purged, in the short term, with moderate inbreeding.
Introduction
Inbreeding depression, the decreased ®tness of inbred individuals as compared to outcrossed individuals, is routinely observed in outcrossing animals and plants, and heterosis is commonly observed in self-fertilizing species (Wright, 1977; Charlesworth & Charlesworth, 1987) . It is well known that inbreeding depression can be a powerful selective force favouring the evolution of outbreeding mechanisms (Darwin, 1862 (Darwin, , 1877 and can be important in the breeding of crops and livestock (Darwin, 1868) . Avoidance of inbreeding depression is also critical to the conservation of endangered species of plants and animals (SouleÂ , 1986; Lynch & Gabriel, 1990; Hedrick & Miller, 1992) . The importance of inbreeding depression to these diverse areas of ecology and evolution can depend on its genetic basis.
Inbreeding depression may be caused either by loci in which the heterozygote has higher ®tness than both homozygotes, or by recessive deleterious mutations that are maintained in populations by mutation±selection balance. Genetic studies of inbreeding depression in Drosophila (reviewed by Simmons & Crow, 1977; Crow & Simmons, 1983; Crow, 1993; Charlesworth & Hughes, 1999) , crop species (reviewed by Mather & Jinks, 1982; Jinks, 1983; Sprague, 1983) , ferns (Klekowski, 1970 (Klekowski, , 1976 (Klekowski, , 1984 Hedrick, 1987) , and several wild¯owering plant species (Barrett & Charlesworth, 1991; Willis, 1992; Fu & Ritland, 1994; Johnston & Schoen, 1995; Dudash & Carr, 1998) provide no support for the hypothesis of heterozygote advantage. In contrast, these studies and others mentioned below provide substantial support for the hypothesis that most inbreeding depression is caused by deleterious recessive mutations.
Unfortunately, we know relatively little about the extent to which mutations with large eects on ®tness, like recessive lethals or steriles, rather than more mildly deleterious mutations, contribute to inbreeding depression. Most information we do have comes from studies of egg to adult viability in Drosophila. The distribution of inbred viabilities in Drosophila is strongly bimodal, with approximately half of the inbreeding depression for viability caused by nearly recessive lethals and the remainder by the segregation of many partially recessive genes of small eect (reviewed by Lewontin, 1974; Simmons & Crow, 1977; Crow & Simmons, 1983; Charlesworth & Charlesworth, 1987; Ashburner, 1989) . Male-and female-sterility mutations contribute to inbreeding depression for fertility in fruit¯ies (i.e. Ashburner, 1989) . Mutations of large eect on ®tness, such as recessive lethals or male-sterility mutations, also contribute to inbreeding depression in plants (Crumpacker, 1967; Klekowski, 1970 Klekowski, , 1984 Klekowski, , 1988b Ohnishi, 1982; Hedrick, 1987; Kaul, 1988; Willis, 1992) .
A knowledge of the relative contribution of mutations of large eect to inbreeding depression is critical to several problems in evolution, conservation biology and agriculture. This is because if inbreeding depression in an outcrossed population is primarily caused by recessive lethal or sterile mutations, then it is expected to be rapidly purged with even a small amount to inbreeding (Lande & Schemske, 1985; Charlesworth et al., 1990; Uyenoyama & Waller, 1991) . Alternatively, the purging with inbreeding is much less eective if inbreeding depression is caused by many, partially recessive mutations of small eect on ®tness (Lande & Schemske, 1985; Charlesworth et al., 1990) . For this reason, inbreeding depression resulting from mildly deleterious mutations may: (i) be a more resilient barrier to the evolution of sel®ng than inbreeding depression of the same magnitude resulting from recessive lethal or sterility mutations; (ii) hinder the production by plant and animal breeders of inbred agricultural varieties that are as productive as F 1 hybrids (Mather & Jinks, 1982; Falconer, 1989) ; and (iii) increase the chances of extinction when a formerly abundant, outbred species is exposed to the inbreeding eects of small population size (Barrett & Charlesworth, 1991; Hedrick, 1994) .
The primary reason that we know so little about the relative contribution of mutations of large eect to inbreeding depression is that for most traits in most organisms it is exceedingly dicult to ascertain whether an individual has low ®tness because of homozygosity at a single locus, environmental eects, or the cumulative eects of deleterious alleles at multiple loci. For example, it is usually impossible to conduct inheritance studies on seeds that do not germinate or on plants that fail to¯ower. One trait with which it is possible to study directly the contribution of major mutations to inbreeding depression is male fertility in plants. Many plants are hermaphroditic, and male-sterile mutations usually do not cause female sterility (Kaul, 1988; Chaudhury, 1993) . Any male-sterile plants that are discovered in an inbreeding depression experiment can then be used in crossing studies as female parents, so that it can be determined whether the sterility is caused by homozygosity at a single nuclear locus.
The purpose of this study is to determine the relative contribution of mutations of large eect to inbreeding depression for male fertility in a large, mainly outcrossing population of the wild¯ower Mimulus guttatus. Previous studies have shown that there is severe inbreeding depression for a component of male fertility, pollen viability, in this population, and that some inbred plants seem to be completely male-sterile (Willis, 1993a) . Inbreeding depression for pollen viability has also been detected in other populations of Mimulus (Ritland & Ganders, 1987b; Carr & Dudash, 1996 , 1997 . The experiments outlined below are designed to determine: (i) the frequency of male sterility among inbred plants and its relative contribution to inbreeding depression for components of male fertility and measures of ®tness throughout the life cycle; and (ii) whether complete male sterility is caused by homozygosity at single loci or by the cumulative eects of many mildly deleterious alleles.
Materials and methods

Study species and population
The common yellow monkey¯ower, Mimulus guttatus (Scrophulariaceae), is abundant throughout western North America. This species usually inhabits moist areas and can be found along stream banks, roadsides, on cli faces, and in wet meadows from Alaska to Mexico, and as far east as the Rockies (Pennell, 1951) . Depending on the seasonal availability of moisture, plants may exist either as annuals or rhizomed perennials. Mimulus guttatus is self-compatible with perfect, hermaphroditic¯owers, and populations vary tremendously in terms of the degree of self-fertilization (Ritland & Ganders, 1987a; Ritland, 1990; Dudash & Ritland, 1991; Dole & Ritland, 1993; Willis, 1993b) . For the past several years I have been studying the ecological genetics of a very large, annual population of M. guttatus. The population is situated on open seep on Iron Mountain in Oregon's Western Cascades, and consists of hundreds of thousands of plants. Outcrossing rates measured over two years vary from about 0.75 to 1.0, and there is substantial inbreeding depression in the ®eld and greenhouse for most components of ®tness and morphological and phenological traits (Willis, 1992 (Willis, , 1993a (Willis, ,b, 1996 .
Relative contribution of male sterility to Inbreeding depression A simple procedure was used for determining the relative contribution of male sterility to inbreeding depression. First, I measured inbreeding depression caused by both severe and mildly deleterious mutations by comparing the average ®tnesses of outcrossed and selfed plants in a large experiment. Secondly, malesterile individuals were identi®ed and saved for studies of inheritance. Finally, inbreeding depression resulting from mildly deleterious alleles, without the contribution of major mutations, was estimated by excluding malesterile individuals from the data and then re-estimating inbreeding depression.
At the start of this study, I collected 530 maternal seed families from the wild Iron Mountain Population. These seeds had unknown histories of inbreeding. Seeds from each maternal family were germinated in the University of Oregon greenhouse, and one seedling from each family was randomly selected, grown to maturity, and randomly outcrossed to produce 1200 dierent full-sib seed families. Seed from 900 of these families was germinated in the greenhouse, and one seedling per family was randomly selected to serve as parents in this experiment. Three hundred plants were randomly chosen to produce self-fertilized progeny, whereas the other 600 plants were randomly paired to produce 300 independent outcrossed full-sib families. All outcrossed and selfed pollinations were performed on¯owers that had been emasculated in the bud stage by pulling o the emerging corolla, which in Mimulus is attached to the anthers. Because some plants died prior to¯owering, and some crosses failed, the ®nal sample size was 277 outcrossed families and 295 selfed families.
About 20 seeds per family were counted and sown in 2.25 inch pots ®lled with soil-less Sunshine potting mix, with one pot per family. Because of low seed numbers in some families, the average number of seeds planted per family was 17.5. Pots were placed in a completely randomized order on a single greenhouse bench under 230 watt sodium lights (16 h day, 8 h night), and were watered regularly without fertilizer to ensure that the soil mix remained moist. Pots were censused for seedlings 18 days after seeds were sown, when germination had essentially ceased. Germination success was scored as the ratio of seedlings to seeds sown. One seedling per family was randomly selected to be measured for later components of ®tness, and the other seedlings were discarded. This crossing design, with complete independence of all plants within and between crossing treatments, is especially powerful for the measurement of inbreeding depression at the population level (Lynch, 1988) .
Male fertility per¯ower was estimated by counting viable and inviable pollen grains from the ®rst¯ower produced on each plant. On the day that the¯ower opened, all four anthers were removed from the corolla, placed in Eppendorf tubes with 60 lL of aniline blue in lactophenol (Radford et al., 1974; Kearns & Inouye, 1993) , and lightly crushed with glass rods to release the pollen. A total volume of 1.6 lL from each Eppendorf tube was scored in haemocytometers for the number of viable and inviable pollen grains. Pollen grains were scored as viable if they stained a dark blue. From these counts I obtained three nonindependent measures of male fertility per¯ower: the number of viable pollen grains per¯ower, the fraction of total pollen grains that were viable, and the total number of pollen grains per ower.
Female fertility per¯ower was estimated by the average number of seeds produced by the ®rst twō owers, which had been hand-pollinated with excess fertile pollen. A highly fertile inbred line (F > 0.96) was used as the pollen source for these crosses, in order to ensure that variation in pollen quality did not contribute to variation in seed counts. Because seed production was not limited by pollen in this experiment, seed counts should be approximately equal to the number of viable ovules per¯ower. I refer throughout to these seed counts as`ovules per¯ower' for this reason, and also to avoid potential confusion with the more typically reported trait`seeds per¯ower', which can refer to seed counts obtained from any number of dierent pollination treatments.
Eight weeks after the seeds were sown, every plant was scored for the total number of¯owers produced. Flower number could then be combined with male and female fertility per¯ower, and germination success, to provide measures of lifetime ®tness in the greenhouse through both male and female function.
In total there were six ®tness components measured in this study: the proportion of seeds that germinated, the number of¯owers produced per seedling, the number of viable pollen grains per¯ower, the fraction of pollen grains that were viable, the total number of pollen grains per¯ower, and the number of ovules per¯ower. Cumulative measures of ®tness through either male or female function were also obtained for each family by multiplying the fraction of seed germinated in each family by the total number of pollen grains (number of owers´viable pollen grains per¯ower) or ovules (number of¯owers´number of ovules per¯ower) produced by that family's seedling. To obtain a measure of total lifetime ®tness through male and female function, I ®rst divided each plant's total number of viable pollen grains and total number of ovules by the mean total pollen and total ovules of outcrossed plants. Standardizing total male and female gamete production in this way equalizes mean outcrossed gamete production through male and female function. This standardization of gamete production implies that on average each outcrossed plant successfully reproduces itself. This seems reasonable, because the Iron Mountain population is roughly constant in population size from year to year, and is primarily outcrossing. In order to compute, for each family, a measure of cumulative ®tness through lifetime gamete production, I simply summed each plant's standardized male and female gamete production and then multiplied this total gamete production by the fraction of seeds that germinated in that family.
I conducted t-tests in order to test whether selfed progeny had dierent mean phenotypes from outcrossed progeny. These tests were conducted for each component of ®tness, as well as for the three measures of cumulative ®tness. Inbreeding depression was measured
, where " w s is the mean ®tness component of selfed progeny and " w o is the mean ®tness of outcrossed progeny. Approximate standard errors of inbreeding depression were obtained by using the delta method for calculating the variance, V, of a ratio (Lynch & Walsh, 1998) :
Because the selfed and outcrossed plants were completely independent samples in this study, the usual covariance term in this formula is absent.
Inheritance of male sterility
The ®rst step in the genetic analysis of male sterility is to determine whether the complete sterility of individuals is caused by single genes of large eect, or by the cumulative eects of several genes of minor eect. The simplest hypothesis for the genetic basis of sterility is that it is caused by homozygosity of a recessive allele at a single nuclear locus, and there are numerous examples of such mutations in diverse species of¯owering plants (Kaul, 1988; Chaudhury, 1993) . To test this hypothesis in M. guttatus, I pollinated male-sterile individuals, randomly selected from the plants isolated above, with pollen from fully fertile inbred lines and then backcrossed a single F 1 per family to their sterile parent. If male sterility resulted from a single nuclear locus, then one would expect 50% of these backcross progeny to be male-sterile.
Plants were de®ned as being functionally male-sterile if they had values of the components of male fertility (number of viable pollen per¯ower or fraction of viable pollen grains) that were less than 10% of the mean of outcrossed plants (see Results for justi®ca-tion). An arbitrary sample of 11 selfed plants that were identi®ed as male-sterile based on the fraction of viable pollen grains was retained and crossed. More malesterile plants were not retained for analysis because of limitations on greenhouse space and time, rather than low viability of the male-sterile plants. F 1 seeds from these crosses were germinated in the greenhouse, and one¯owering F 1 in each family was backcrossed to its sterile parent. All F 1 plants had high pollen viability and pollen production typical of outcrossed plants (data not presented), suggesting that male sterility is recessive.
Approximately 50±60 seeds per backcross family were planted individually in 2.25 inch pots containing Sunshine soil-less mix. Because of low seed germination success in some families, only nine families produced a reasonable number (>20) of¯owering progeny to be included in the results presented below. As in the inbreeding depression experiment, pots were placed in a randomized order beneath sodium lights in the greenhouse. Pollen from the ®rst several¯owers produced on each plant was collected and placed on microscope slides to which one drop of aniline blue was added. The slides were examined under a compound microscope and 100 pollen grains per plant were scored as viable or inviable. Plants were classi®ed as male-sterile if they had less than 10% of the outcrossed mean pollen viability in the inbreeding depression experiment (7% viable pollen; see Results). Tests for deviations from Mendelian inheritance were conducted using v 2 -tests with one degree of freedom.
Results
Inbreeding depression for ®tness components and measures of cumulative ®tness Table 1 shows the mean values of ®tness components and cumulative measures of ®tness for selfed and outcrossed progeny. Selfed progeny exhibited signi®-cantly lower values for every ®tness component measured, except for proportion of seeds germinated (Table 1) . For example, selfed progeny produced 13% fewer¯owers, 30% fewer viable pollen grains per¯ower, and 16% fewer ovules per¯ower than outcrossed progeny. Selfed progeny also exhibited signi®cantly lower measures of cumulative ®tness through male function, female function, and combined male and female fertilities (Table 1 ). The reduction in the ®tness of selfed progeny relative to outcrossed progeny ranged from 30% to 42% for these composite measures of ®tness. Figure 1 shows the frequency distributions of two components of male fertility, the fraction of viable pollen grains and the number of viable pollen grains per ower, for outcrossed and selfed plants. The fraction of viable pollen grains per¯ower shows a strong bimodal distribution of male fertilities in selfed plants, in contrast to the roughly unimodal distributions for outcrossed plants. The distribution for viable pollen per¯ower in selfed plants is not as obviously bimodal. For both traits, inbreeding dramatically increases the proportion of plants that are nearly or completely male-sterile. There were numerous selfed plants that failed to produce any pollen grains, or produced greater than about 95% inviable pollen grains. Some of the malesterile plants had shrivelled or green anthers that lacked pollen, whereas others produced white, inviable pollen in large amounts. These plants are essentially malesterile. Examination of the distributions of male fertility (Fig. 1) suggests that it is reasonable to de®ne a plant as being functionally male-sterile if it has a measure for the fraction of viable pollen that is less than about 10% of the outcrossed mean. According to this de®nition, 17 of 265 selfed plants were male-sterile. Table 2 presents the average values of male ®tness components and cumulative measures of ®tness for selfed plants, excluding those that were male-sterile (<10% of the outcrossed mean for pollen viability, as described above). Because 17 plants with low ®tness values were excluded, these mean values for the fraction of viable pollen, cumulative ®tness from germination to total viable pollen production, and cumulative ®tness from germination to total male and female gamete production are somewhat greater than the mean values of selfed plants presented in Table 1 . There was no dierence in mean¯ower number between male-sterile (20.8 2.7) and fertile inbred plants (19.2 0.7), so the interpretation of the results for cumulative ®tness measures is not complicated by possible negative eects of sterility on autogamous seed and/or fruit set, which can result in increased¯ower production in M. guttatus (Macnair & Cumbes, 1990) .
One can estimate the inbreeding depression for these three measures of ®tness from the complete data set (Table 1 ) and for the data set excluding the selfed sterile plants (Table 2 ). Figure 2 shows the inbreeding depression and its standard error for these traits for the complete data set and for the data set with selfed sterile plants excluded. The estimates of inbreeding depression for all three traits were less when steriles were excluded from the analyses than those for the whole data set. Although statistical comparison of the inbreeding depression values with and without steriles is not strictly valid because one data set is a subset of the other, the standard errors suggest that this reduction in inbreeding depression is not statistically signi®cant (Fig. 2) . One can estimate the relative amount of inbreeding depression that is caused by recessive sterility mutations by calculating one minus the ratio of inbreeding depression without steriles to inbreeding depression based on all the data. Using this method, I estimate that about 31% of the inbreeding depression for the fraction of viable pollen grains and 26% of the inbreeding depression based on cumulative ®tness through male function and total gamete production is caused by recessive sterility mutations. Table 3 shows the segregation of male sterility in nine backcross families. Eight of the families had ratios of sterile ospring that were consistent with the 1 : 1 ratios expected under the hypothesis that male sterility is caused by homozygosity of a recessive allele at a single locus. In contrast, fertile progeny were much less frequent than expected in family 583, where only three of 38 progeny were fertile (P < 0.001; Table 3 ). If one pools the data from all families except family 583, then the resulting frequencies of sterile and fertile progeny are not signi®cantly dierent from that expected with singlelocus inheritance of male sterility. These results suggest that most of the male-sterile plants identi®ed in the inbreeding depression experiment described above were homozygous single-locus recessive sterility mutations. Fig. 1 Histograms of two components of male fertility in Mimulus guttatus, the fraction of pollen grains that are viable and the number of viable pollen grains produced per¯ower, for outcrossed and selfed progeny. 
Inheritance of male sterility
Discussion
In this study I have shown that there is substantial inbreeding depression for components of male fertility, as well as for cumulative measures of ®tness that include life history stages from seed germination to total gamete production through male and female function. The number of viable pollen grains produced per¯ower (male fertility) exhibited greater inbreeding depression than any other measured component of ®tness. Part of the inbreeding load for male fertility was caused by functional male sterility. I have demonstrated that for most of such plants, male sterility is inherited as a simple single-locus recessive factor. Despite the high frequency of male-steriles among the inbred progeny, they account for only 31% of the inbreeding depression for the fraction of viable pollen grains, and for only 26% of the inbreeding depression for lifetime male and female gamete production. Most of the inbreeding depression for male fertility is caused by more mildly deleterious genes.
Complete or nearly complete male sterility was common among the inbred plants from this population. When male sterility is de®ned in terms of the fraction of viable pollen grains produced per¯ower, then among the selfed progeny about 6.4% were male-steriles. The studies of inheritance of male sterility show that eight of nine steriles have segregation ratios of sterility among their backcross progeny that are consistent with singlelocus inheritance of a recessive trait (Table 3 ). The exception is family 583, which shows signi®cantly fewer fertile backcross progeny than one would expect under the hypothesis of single-locus recessive inheritance. Although crossing experiments are in progress, at this point it is not clear how male sterility is inherited in this family. Possible simple explanations include multiple independently acting nuclear sterility factors, such that homozygosity at any one of them would cause sterility, or cytoplasmic sterility. Neither hypothesis seems likely, because in the former case one would have to posit an inordinately large number of male-sterility mutations in a single individual, and in the latter case one would have to explain how the F 1 was male-fertile. Other possibilities which are being investigated include interactions between cytoplasmic and nuclear factors. Regardless, it is clear that most of the sterility observed in this population is inherited in a simple Mendelian fashion.
Given that most of the male sterility is caused by single-locus recessive alleles, one can estimate the frequency of heterozygous carriers of male sterility in this population. Because a single plant per family was scored for male fertility in this study, and the chances of obtaining a male-sterile in a single selfed ospring from a carrier are 1/4, the frequency of carriers of male sterility in the outcrossed segment of this population must be » 0.26. The inference that about one quarter of the outcrossed plants in this population carry recessive male-sterility factors indicates that many dierent loci must be involved. Also, selection against male sterility is only half as severe in outcrossing, hermaphroditic plants as it is in sel®ng or dioecious species, because malesterile plants can still contribute genes to the next generation through the female function. The large number of nuclear male-sterility mutations in this Fig. 2 The magnitudes of inbreeding depression estimated in Mimulus guttatus from all the data from outcrossed and selfed progeny, and from a subset of the data with selfed male-sterile plants excluded. Presented are the values of inbreeding depression, and one standard error, for the fraction of viable pollen grains, cumulative ®tness from germination to total number of viable pollen grains produced, and cumulative ®tness from germination to total male and female gamete production. Plants are classi®ed as male-sterile if their fraction of viable pollen grains is £0.07 (see Results). Although male-sterility mutations are abundant in this population, they are responsible for only about 31% of the inbreeding depression for pollen viability, and for about 26% of that for lifetime ®tness. Although the role of lethal and sterility mutations in causing inbreeding load has been well studied in Drosophila, this is the ®rst study on a natural population of plants which quanti®es the relative contribution of a class of major deleterious mutations to inbreeding depression. Other studies have shown that lethals contribute to inbreeding depression in plant populations, but their importance relative to more mildly deleterious mutations has not been quanti®ed. For example, studies of natural fern populations have shown that gametophytic and sporophytic lethals can be abundant (Klekowski, 1970 (Klekowski, , 1976 (Klekowski, , 1984 Ganders, 1972; Hedrick, 1987) . Lethal chlorophyll-de®cient mutations also can be common in plant populations (Crumpacker, 1967; Wettstein et al., 1971; Ohnishi, 1982; Klekowski, 1988a; Willis, 1992) . In this and another population, chlorophyll-de®cient lethals seem to contribute only slightly to inbreeding depression, although their contribution was not quanti®ed (Willis, 1993b) . Indirect evidence from a survey of inbreeding depression studies suggests that major mutations contribute to inbreeding depression for early stages of zygote development and seed germination in outcrossing plant species, whereas inbreeding depression at later stages of the life cycle is caused primarily by mildly deleterious mutations (Husband & Schemske, 1996) . Unfortunately, most of the studies on inbreeding depression reviewed by Husband & Schemske (1996) did not examine components of male fertility, so that the extent to which male-sterility mutations contribute to inbreeding depression in other taxa is not clear.
If it turns out that much of the inbreeding load in outcrossing species is caused by mildly deleterious mutations, and not by recessive lethals or steriles, then inbreeding depression may not easily be purged from populations during short-term periods of inbreeding. Lande & Schemske (1985) , in discussing a model of inbreeding depression arising from major deleterious mutations, argued that moderate inbreeding caused by periodic bottlenecks or pollination failures could reduce inbreeding depression in an historically outcrossed plant population to a level where it no longer could selectively maintain outcrossing. The results presented here suggest that the evolution of self-fertilization is less likely to occur following brief periods of inbreeding than suggested by Lande & Schemske (1985) , because little short-term purging of inbreeding depression caused by mildly deleterious alleles will be expected to occur.
The harmful eects of inbreeding are generally appreciated by conservation biologists, who usually seek to maintain genetic variability while reducing the impact of inbreeding depression in endangered or threatened species (e.g. Hedrick & Miller, 1992) . In contrast, Templeton & Read (1983 argued that intentional inbreeding of historically outcrossed endangered species could rapidly reduce or eliminate inbreeding depression caused by deleterious mutations, thereby increasing the chances that the species could persist over the long-term. More recently others have made similar recommendations (e.g. Fenster & Dudash, 1994) . The main problem with this idea is that if inbreeding depression is mainly caused by many mildly deleterious mutations, as suggested by this study, then such drastic inbreeding will fail to purge inbreeding depression, and will probably cause the species to go extinct (Hedrick, 1994) .
One limitation of the study presented here is that the contribution of only one class of major mutations to inbreeding depression was investigated. It is possible that major deleterious mutations aecting other stages of the life history could make a greater contribution to inbreeding depression. Ideally one would like to know what the total impact of all classes of major mutations is on inbreeding depression throughout the life cycle of a species. We are currently conducting such a study on the same population of M. guttatus studied here by comparing inbreeding depression in the whole population to that in an experimental population from which major mutations at all stages of the life cycle have been selectively purged.
